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Abstract 
Genetic studies of diatoms are lagging behind those on other organisms. The reasons for 
this are, among others, that many species are difficult to culture (some surf diatoms in 
particular), single cells contain only a small amount of DNA, and selection of single cells from 
environmental samples is difficult. Globally, there are only a few species of surf diatom: 
Anaulus australis Drebes et Schultz, Asterionellopsis glacialis (Castracane) Round, 
Asterionellopsis socialis (Lewin & Norris) Crawford & Gardner, Attheya armata (West) 
Crawford, Aulacodiscus petersii Ehrenberg, Aulacodiscus johnsonii Arnott, Aulacodiscus 
kittonii Arnott ex Ralfs and Aulacodiscus africanus Cottam. These species occur exclusively in 
the surf zone with the exception of A. glacialis, which is also found in coastal and oceanic 
waters.  
The overall aim of this project was to investigate the phylogeny or the phylogeography of 
the two dominant South African surf diatoms. In order to do this, it was necessary to 
develop methods for extracting DNA from environmental surf diatom patch samples. This 
method was then used in the investigation into the phylogeography of Anaulus australis 
along the South African coastal zone. Due to other recent work into diatom phylogeny and 
phylogeography there was also the opportunity to compare the genetics of the South 
African surf diatom Asterionellopsis found at Sundays River Beach to localities recently 
sampled and sequenced around the globe in order to identify the species found in South 
Africa.    
The direct method was successful for DNA extraction from Anaulus australis cells preserved 
using either isopropanol, ethanol or glutaraldehyde (provided the samples were not older 
than two years), but not formalin. Extraction of DNA from Asterionellopsis glacialis s.l. cells 
was successful with the direct method for ethanol-preserved samples, but the extraction 
from Attheya armata cells required some modifications be added to the method.  
Sequencing of the ITS region of Anaulus australis cells from along the southern coast of 
South Africa indicated connectivity between the various populations rather than the 
expected isolation of populations in the surf zones of the log-spiral bays. 
Comparison of the ITS and RbcL regions of the species of Asterionellopsis found at the 
Sundays River Beach indicated that it is Asterionellopsis lenisilicea which is a species only 
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recorded from Canada to date and which has only recently been discovered and recognised 
as a new species within the genus. This genetic identification was supported by 
morphological measurements of frustules.  
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General Introduction 
The genetic work done on diatoms has lagged behind that on most other organisms. One of 
the most notable reasons for this lag, and the predominant issue addressed in this thesis, is 
the difficulty that comes with extracting DNA from diatoms. The main difficulty comes from 
the fact the diatoms are single celled organisms meaning that only a small amount of DNA is 
present within each diatom and that each cell needs to be isolated from other single celled 
organisms present in the water.  
There are various methods for obtaining sufficient DNA for a Polymerase Chain Reaction 
(PCR). For diatoms, these include culturing in order to overcome the small amount of DNA 
present within each individual diatom. Culturing is a very effective method in that it is 
possible to grow a significant number of diatoms and thus obtain a large volume of DNA for 
a PCR (Kermarrec et al., 2013b). This is only effective if a culture is started from a single cell. 
Due to the asexual reproduction of diatoms, all the cells in a culture will be clones and 
therefore genetically identical. Culturing provides a large volume of genetically identical 
DNA from a single cell (Orsini et al., 2004). The disadvantage of culturing is that some 
species are very difficult to grow in culture, as each species may require slightly different 
conditions for optimised growth. Furthermore, contamination is a common issue when 
culturing, as it is challenging to obtain a pure culture from an environmental sample. 
Secondary contamination is also an issue, such as from bacteria in the laboratory 
environment.  
A more recent method for obtaining DNA for a PCR is the single cell method (Lang and 
Kaczmarska, 2011). This method uses a cell (or a few cells) of the target species as the DNA 
template for a PCR. This is enables sequencing of species that are problematic to culture. 
The single cell method also minimises the risk of secondary contamination. The 
disadvantages are that there is only a small amount of DNA available—usually less than the 
amount required for a PCR—and primary contamination from the environmental sample is 
likely in some situations (e.g. if the target species is rare in the community). The low DNA 
content of each cell (or cells) can be compensated for by using nested-PCRs. A nested PCR is 
when a region is amplified and then that PCR product is used as the template for a second 
PCR, which uses primers designed to amplify a section of DNA from within the first region 
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amplified. In this way the small initial amount of DNA can be amplified enough for 
sequencing. 
Another significant problem in extracting DNA from diatoms is that, in some species, the 
cells secrete mucilage that protects the cells from breaking. This mucilage can interfere with 
the PCR process.  When a diatom species does produce mucilage, then a more complex 
extraction method is needed to remove the mucilage and extract the DNA. There are many 
different extraction methods designed to work for mucilaginous diatoms that have been 
tested, mainly for freshwater, but also some marine diatoms (Uyua et al., 2014). These 
extraction methods are complex and also expensive.  
Surf diatoms are a group of diatoms that have been the subject of very little genetic study, 
despite their unique and fascinating biology. Obtaining enough DNA for genetic work has 
definitely been an issue. The fact that many surf diatom species do not culture well (Anaulus 
australis Drebes et Schultz) and others produce mucilage (Asterionellopsis glacialis 
(Castracane) Round and Attheya armata (West) Crawford) which has been noted to 
interfere with DNA amplification (Campbell, 1996; Odebrecht et al., 2013; Uyua et al., 2014) 
has held back research. One of the aims of this project is to determine the dispersal range of 
A. australis around the South African coastline and whether the individual beach 
populations of these species are connected to one another. First, a quick, simple and 
inexpensive method for obtaining DNA from environmental samples of these species must 
be explored and optimized.  
Diatoms that are found along the coast and close to shore only on sandy beaches are called, 
as a group, surf diatoms, due to the fact that they dominate the surf zones of sandy beaches 
along the coast (Talbot et al., 1990). The surf environment is very different to that of the 
open ocean and so these surf diatoms need to be specially adapted to survive in it. The term 
surf diatom has more accurately been defined as diatoms that form high concentrations in 
patches in the surf that can be seen as a brownish discolouration in the water on at least a 
semi-permanent basis. 
Considering the total diversity of diatoms, there are very few species that are surf diatoms: 
a total of eight species across four genera (Campbell, 1996; Odebrecht et al., 2013). These 
surf-zone species are A. australis, A. glacialis, Asterionellopsis socialis (Lewin & Norris) 
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Crawford & Gardner, A. armata, Aulacodiscus petersii Ehrenberg, Aulacodiscus johnsonii 
Arnott, Aulacodiscus kittonii Arnott ex Ralfs and Aulacodiscus africanus Cottam (Drebes and 
Schulz, 1989; Odebrecht et al., 2013). These species occur exclusively in the surf zone with 
the exception of A. glacialis, which is also found in coastal and oceanic waters (Odebrecht et 
al., 2013). None of the other surf diatoms can survive outside the surf zone on a permanent 
basis. The type of beach environment suitable for surf diatoms is fairly specific and so these 
species are not found at all sandy beaches along the coast, or at least not in any significant 
numbers. Most importantly, the beach needs to be long enough for patches of surf diatoms 
to form. The minimum beach length has been found to be 4 km (Campbell and Bate, 1997; 
Odebrecht et al., 2013). The beach also needs to be of high or at least medium energy for 
surf diatoms to be present (Talbot et al., 1990). Furthermore, there must be sufficient 
nutrients in the water to support a diatom population. These nutrients are commonly 
provided via groundwater, which is why large surf diatom populations are usually associated 
with large dune fields (Campbell and Bate, 1997). Silicon availability is crucial for diatom cell 
wall growth. A lack of nitrogen and phosphorus can also limit population growth (Odebrecht 
et al., 2013).  
Surf-zone diatoms migrate within the surf zone depending on the wave energy conditions at 
the time. The cells are suspended in the surf during periods of medium to high wave energy. 
During periods of low wave energy, when the surf zone is calm, the diatoms are washed into 
the nearshore zone (Talbot et al., 1990);  the area behind the waves. Surf diatoms that enter 
this zone will sink as there are no wave-entrained bubbles to keep the diatoms afloat (Du 
Preez, 1996). Sinking prevents them from getting washed out into the open ocean. They 
then lie dormant in the sand behind the waves until a storm occurs and they are re-
suspended into the water column and transported back into the surf zone. Diatoms that do 
end up in the sediment in the nearshore behind the waves may be trapped there for some 
time until the next storm event. Sometimes a sufficiently strong storm event will not occur 
for several months and they will be trapped in the sediment, in the dark. Therefore, they are 
adapted to survive long periods of time without light (Du Preez et al., 1990).      
Surf diatoms occur along the coastlines of many continents wherever there is sufficient 
wave energy and the right beach morphology (Figure 1). Four different species of surf 
diatoms appear on the south coast of South Africa, including A. australis, which has been 
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well studied at Sundays Beach where they are abundant (Odebrecht et al., 2013). The south 
coast of Australia also has a wide variety of surf diatoms, as do the coasts of New Zealand. 
The east coast of South America is also home to surf diatoms (Figure 1). The west coast of 
Europe, in contrast, only has one species of surf diatom which is A. armata (Odebrecht et 
al., 2013). 
 
 
 
 
Figure 1. The global biogeography of the surf diatoms. Distribution taken from Odebrecht 
et al. (2013).  
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when contrasted with what is known about the mechanisms that operate to keep these 
Aulacodiscus africanus 
Aulacodiscus kittonii 
Aulacodiscus johnsonii 
Aulacodiscus petersii 
Asterionellopsis glacialis 
Asterionellopsis socialis 
Anaulus australis 
Attheya armata 
 
5 
 
diatoms within surf zones (as described above for A. australis) and the apparent absence of 
these diatoms in open waters. Odebrecht et al. (2013) proposed that continental breakup 
could possibly explain the diatom species shared between continents, given that surf 
diatoms are thought to lack any means of long-distance dispersal and may even be confined 
to individual log-spiral bays (Odebrecht et al., 2013). The distribution of the same diatom 
species in what are now isolated log-spiral bays along a single coastline (e.g. in southern 
Africa) could be explained by variations in sea level in more recent geological time. Since the 
split of the various continents in the Southern Hemisphere, the South African coastline has 
undergone many changes.  As a result of changes in climate, the sea level rose and fell, also 
causing the shape and structure of the coastline to change (Fisher et al., 2010). Both these 
hypotheses imply that various surf-zone diatom populations have been genetically isolated 
for considerable (and varying) amounts of time. One would expect that such periods of 
isolation would have resulted in the accumulation of differing amounts of genetic variation. 
Comparisons of DNA sequences from geographically separated surf diatom populations 
would thus provide a useful starting point for studying the phylogeography of surf diatoms.  
Anaulus australis and A. glacialis are two species of surf diatom that are commonly found 
along the South African coast. For both these species questions have arisen which would 
benefit from genetic work in order to answer them. For A. australis, the question that arose 
is on a local South African scale, while in the case of A. glacialis the question operates on a 
global scale. The aim is to investigate the phylogeography of the A. australis populations at 
sandy beaches around South African. The aim for the Asterionellopsis is to fit the South 
African species into the recently constructed global framework of cryptic diversity. 
No work has previously been done on the phylogeography of A. australis or on any surf 
diatom. In fact, diatom phylogeography in general is somewhat lacking. Within marine 
phylogeography, diatoms have been oddly neglected, given their ubiquity in the marine 
environment, and there is no such research on surf diatoms, which is unsurprising given 
their low diversity compared to, for example, oceanic marine diatoms.  
A brief review of diatom phylogeography shows that the phylogeography of Pseudo-
nitzschia delicatissima (Cleve) Heiden has been well studied, as have one or two other 
diatom species. However, no surf diatom species have been studied in this regard. 
Kaczmarska et al., (2008) and Orsini et al., (2004) both investigated the phylogeography of P. 
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delicatissima and both studies used sections of the nuclear ribosomal cistron (i.e. ITS1-5.8S-
ITS2) to assess genetic diversity. In the study by Orsini et al. (2004), this species was 
investigated in the Gulf of Naples and the genetic diversity was investigated over a time 
period rather than a spatial scale. The genetic diversity of the population was investigated 
before and after a bloom event. While the morphology sampled suggested a single 
morphospecies, the genetic data showed five different lineages. These five lineages shown 
by the ITS sequences were supported by sequencing data from the hyper-variable region 
LSU (large subunit) rDNA. The genetic diversity was found to be high before the bloom event 
occurred (all five ITS-types were present). However, once the bloom occurred, the genetic 
diversity dropped, showing that only one lineage was responsible for the bloom occurrence. 
In the study by Kaczmarska et al. (2008), the genetic diversity was investigated on a spacial 
scale (the Canadian coast) rather than a temporal one, but the region used to analyse for 
genetic diversity remained the ITS region. Variability was found in the ITS region, but the 
genetic diversity was seen to be low. The low genetic diversity observed in the ITS region 
suggests that the Canadian coast is occupied by a single, large meta-population of the 
species, P. delicatissima. Both these studies used the ITS region and the results indicate that 
this region appears suitable for phylogeography studies of this kind.  
Many populations studies use regions such as LSU, ITS and V4 to distinguish between 
genetically distinct populations. However, an increasingly popular method is the use of 
microsatellites for this purpose. In a study looking at the population structure of the benthic 
freshwater diatom, Sellaphora capitata Mann & McDonald, the ITS region was used along 
with ten microsatellite regions (Evans et al., 2009). Samples were obtained from the United 
Kingdom, Belgium and Australia. The genetic data from the microsatellites and ITS showed 
differentiation between the populations corresponding with the country of origin. However, 
greater differentiation was found between the microsatellite regions than between the ITS 
sequences. The different populations were found to be sexually compatible, which is 
consistent with limited ITS divergence. While microsatellites have been found to show 
greater genetic variability than the ITS region, they also present certain challenges. In order 
for microsatellites to be used in a study, a primer library needs to be designed and, in order 
for this to be done, sufficient DNA is needed. This is limiting in this kind of research as 
microsatellites for diatom species that can be cultured in order to provide enough DNA for 
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the primer design stage. When using microsatellites, it is also necessary to have enough 
DNA as a starting template, which eliminates the use of a nested PCR in order to obtain 
sufficient amplification. These factors eliminate microsatellites from this study and limit the 
use of microsatellites to studies that use cultured species.  
In terms of research into cryptic speciation of diatoms and large scale genetic patterns, 
more work has been done. The genus Asterionellopsis has been studied from many other 
places globally, with one of the notable exceptions being South Africa (Franco et al., 2016; 
Kaczmarska et al., 2014). The South African species has only ever been identified using 
morphology, but other studies on the genus have found cryptic diversity. Since its original 
identification, no further work has been done on the South African species and since this 
group has been found to be rich in cryptic diversity it can be expected that the South African 
A. glacialis might in fact be a new and unique species to be added to this group. As in the 
case of Asterionellopsis tropicalis Franco, discovered in 2016 in Brazil, the Asterionellopsis 
found at the South African coast is found in the surf zone of sandy beaches and is classified 
as a surf diatom (Franco et al., 2016; Odebrecht et al., 2013).  
Several other diatom species complexes have been investigated for cryptic diversity. Godhe 
et al. (2006)  studied Skeletonema marinoi Sarno & Zingone, a planktonic marine diatom 
that has a widespread geographical distribution. The LSU and ITS1-5.8S-ITS2 regions were 
used to compare geographically separated populations of this diatom species for cryptic 
diversity.  Clonal cultures were used for this study and cultures were obtained and grown 
from the Canadian west coast, the south west coast of Portugal, as well as both the west 
and east coasts of Sweden. Genetic separation was observed across all the locations and 
polymorphic sites were found in each of the regions sequenced except 5.8S.  
For globally distributed species or large scale phylogeography, ITS1, ITS2 and LSU were 
found to have potential for distinguishing geographically separated but morphologically 
indistinct populations.  Abarca et al. (2014) studied Gomphonema parvulum (Kützing) 
Kützing using the regions RbcL, ITS and V4. The genetic data supported four separate taxon 
groups that correlated with geography. There was a significant correlation between genetic 
difference and the distance between populations, indicating that distance itself can be an 
isolating factor for diatom dispersal. Enough genetic difference was found in one group to 
describe a new species. In a study on Pseudo-nitzschia pungens (Grunow ex Cleve) Hasle 
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looking at barriers to dispersal and to why a cosmopolitan marine diatom would show 
genetic isolation, it was found that the main limiting factor to dispersal amongst diatoms 
was distance (Casteleyn et al., 2014). The species P. pungens showed strong genetic 
isolation patterns which correlated with the distance between populations. Distance is 
clearly a very important factor in population isolation which, under the right environmental 
conditions, can lead to speciation. Luddington et al. (2012)  also looked at viable regions of 
the genome for distinguishing between diatom species and found that the V4 region of the 
18S rRNA gene was useful in distinguishing 97% of the species tested. This makes the V4 
region a viable region for cryptic diatom species identification along with regions such as 
LSU, RbcL and ITS1-5.8S-ITS2. V4 could also be used for global population studies on diatoms 
where there is significant distance separation between populations. The genus Pseudo-
nitzschia has been the subject of many genetic studies not only for small scale 
phylogeography but also for global cryptic speciation. This is for two reasons. Firstly, since 
the genus is cosmopolitan it has a very wide distribution and, secondly, because it cultures 
very easily, providing large amounts of DNA which makes molecular work easier. A study on 
P. pungens investigated whether this species was cosmopolitan or made up of cryptic 
species (Casteleyn et al., 2008). Using the ITS regions, three clades were found for this 
species. Amongst these clades there were a few, slight, morphological differences that 
supported the molecular split. These clades also had different geographic distributions. One 
clade was found in the North East Pacific area, the second was found in all the areas studied, 
while the third came from separate localities. That one clade was found in all the localities 
sampled in the study supports the hypothesis that P. pungens is in fact a cosmopolitan 
diatom species, or at least one clade within the taxon is.  
The regions ITS, RbcL, LSU and V4 were found in previous studies to be suitable regions for 
investigating global cryptic speciation. Many of the species investigated were found to have 
cryptic diversity rather than being cosmopolitan species as was previously assumed. This 
review suggests that it is likely that in the case of South Africa a cryptic species of 
Asterionellopsis will be present, especially due to the importance of distance in terms of 
speciation occurring. Thus, the hypothesis for this part of the study is that the South African 
Asterionellopsis is in fact a cryptic species. On the basis of the published work described 
above, the DNA regions chosen for this investigation were ITS1-5.8s-ITS2, RbcL and V4. 
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Prospectus 
The overall aim of this thesis was to investigate the phylogeny or phylogeography of the 
selected dominant South African surf diatoms, A. australis and A. glacialis sensu lato. Firstly, 
in order to do this, an inexpensive and easy method for the extraction of DNA from 
environmental samples of surf diatoms was needed. Following that, the aims of the project 
were to investigate the connectivity or isolation of various populations of A. australis found 
at sandy beaches along the southern coast of South Africa and to investigate the cryptic 
diversity of the South African Asterionellopsis species and put it into perspective on a global 
scale.   
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Chapter 1. Application of the direct-PCR method for environmental diatom 
samples and the influence of preservatives 
Introduction 
Genetic analysis of environmental diatom samples presented various challenges in regard to 
methodology. Firstly, it was not known whether the direct-PCR (hereafter referred to as the 
direct method) method could be effectively used for environmental samples or whether it 
would be appropriate to use on samples containing a dominance of A. australis. Secondly, it 
was not known if the direct method could be used to analyse preserved samples. Common 
preservatives used to store diatoms include isopropanol, glutaraldehyde, Lugol’s iodine 
solution and neutralised formalin (MacLulich, 1986; Mukherjee et al., 2014; Nicotri, 1977). 
More typically, samples for PCR are placed in ethanol. This method was used as a control as 
it has been widely used for the direct method (Lang and Kaczmarska, 2011; Luddington et 
al., 2012). Therefore, the aim of this chapter is to test the application of the direct method 
(with and without modifications) on surf diatom species:  A. australis, A. glacialis s.l., A. 
armata and Aulacodiscus spp stored in different preservation mediums.  
Lang and Kaczmarska (2011) developed a simple protocol for the PCR of ethanol-preserved 
single diatom cells. This is the basic method used in this study. The method was developed 
using cultured cells of Ditylum brightwellii (West) Grunow (Lang and Kaczmarska, 2011) and 
is called the direct-PCR or direct method. The procedure was as follows: individual ethanol-
preserved cells were isolated and then washed in PCR-grade water three to five times to 
remove the preservative and any co-occurring organisms. Once washed, the cells were 
immediately used in amplification without any DNA extraction. The DNA was liberated from 
the cells by the addition of a step to the PCR process where the mixture containing the cell 
was heated to 95°C for five minutes (Lang and Kaczmarska, 2011).  
Using only a single cell limits the amount of DNA available. Nested PCRs have been 
developed for the ITS and RbcL regions and were found to significantly improve the success 
of amplification from the extracted DNA from a single cell via the direct extraction method 
(Lang and Kaczmarska, 2011). The nested PCR method is an amplification method while the 
direct method is an extraction method. However, due to the improved amplification success 
when these methods are combined, from here on out they will be addressed in concert with 
each other.  
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The main advantage of the direct method is that it is less labour intensive than other 
methods and is significantly less expensive as it does not require any specialised chemicals 
or equipment other than the PCR machine.  
Among the most common DNA extraction methods for diatoms are ready-made extraction 
kits available from several different companies (DNeasy Mini Plant Kit (QIAGEN, Germany), 
Dynabeads DNA Direct Universal Kit (Dynal Biotech, Norway)) (Jahn et al., 2007). These kits 
usually target specific groups, such as plants, fungi and bacteria, but there are none 
available that are optimised for diatom DNA extraction. The kits are expensive, complex 
and, depending on the country, difficult to obtain. Complicated extraction methods have 
been developed for diatoms (Uyua et al., 2014), but they may require toxic chemicals. Uyua 
et al. (2014) developed a method for DNA extraction for the benthic diatom, Didymosphenia 
geminata (Lyngbye) Mart.Schmidt. Their final protocol was a lengthy process and involved 
the use of cetyltrimethylammonium bromide, β-mercaptoethanol, proteinase K and 
chloroform (which is toxic). The direct method appears to be the most efficient method, 
particularly when combined with the use of a nested PCR.  
I tested several commonly used preservatives , with the exception of Lugol’s iodine solution 
(Auinger et al., 2008; Mukherjee et al., 2014) which has already been tested for use with the 
direct method and found to be either unworkable or to have low amplification success 
(Hamilton et al., 2015). Lugol’s iodine interferes with and inhibits the PCR process and 
washing with water does not sufficiently remove the preservative from the cells to 
neutralise its negative effects (Auinger et al., 2008).  
Methods and Materials 
The direct method (Lang and Kaczmarska, 2011) and two modified versions of the direct 
method for extraction of DNA for PCR amplification were tested on samples of Anaulus 
australis collected from Sundays River Beach within six months of collection and subsequent 
preservation. Cells were preserved in either ethanol, isopropanol, glutaraldehyde or 
formalin. These samples were then used in the extraction tests. The different extractions 
were also tested on other surf diatoms that had been preserved in ethanol for up to a year 
before the extraction tests and stored at 4oC: Asterionellopsis glacialis s.l., Attheya armata 
and Aulacodiscus johnsonii. 
12 
 
The direct method followed washing cells three times in PCR water. The cells were then 
used directly in an amplification with an additional PCR step where the mixture was heated 
to 95°C for 5 minutes.  
The modified direct method 1 involved washing the cells three times in PCR water, then 
adding cold isopropanol and gently mixing the sample (50 turns). The sample was allowed to 
stand for 10 minutes and was then washed three times in PCR water, after which it was 
heated again (to 95°C for 5 minutes) in an additional PCR step.  
The modified direct method 2 involved the cells being washed three times in PCR water, 
then heated on a heating block for 5 minutes at 95oC. Cold isopropanol was then added and 
gently mixed (50 turns), after which it was allowed to stand for 10 minutes. The sample was 
washed three times in PCR water and finally heated again (to 95°C for 5 minutes) in an 
additional PCR step.  
In order to test the success of the direct and modified extraction methods, the extracted 
DNA was amplified via PCR. The two regions used for the tests were ITS and RbcL. These 
regions were chosen because nested PCRs have been developed for them and the nested 
PCR provides optimal success rates (Lang and Kaczmarska, 2011).  
All PCR amplifications were performed using KAPA Taq ReadyMix. The PCR Master Mix 
(9.3 µL H20 + 12.5 µL ReadyMix + 1 µL of primer 1 + 1 µL of primer 2) was added to 1.2 µL of 
DNA extract. This made up a total of 25 µL in each PCR tube. 
Amplification of the ITS region, using the primers Ns7m (GGC AAT AAC AGG TCT GT) + 
LR1850 (CCT CAC GGT ACT TGT TC) (Lang and Kaczmarska, 2011), used the following PCR 
protocol: initially the mixture was heated to 95°C for 10 minutes, then run for 35 cycles with 
a procedure involving 95°C for 1 minute, 48°C for 1 minute, 72°C for 2 minutes and a final 
elongation step of 72°C for 7 minutes. The initial PCR product was then used as a template 
for the nested PCR using new primers (Lang and Kaczmarska 2011). The primers that were 
used for the second stage of the ITS nested PCR region were SR12cF (TAG AGG AAG GAG 
AAG TCG TAA) + 25F1R (ATA TGC TTA AAT TCA GCG G) (Takano and Horiguchi, 2005). The 
second stage of the nested PCR included an initial denaturation step of 94°C for 2 minutes, 
followed by 39 cycles of 94°C for 35 seconds, 50°C for 35 seconds, and 72°C for 1 minute. A 
final elongation step of 72°C for 5 minutes followed.  
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Amplification of the RbcL region, using the primers DtrbcL2F (TCA GAA CGG ACT CGA ATT 
AAA) + DtrbcL1R (TTA TAC GTT TGC TGT TGG TGT) (Lang and Kaczmarska, 2011), used the 
following PCR protocol: initially the mixture was heated for 10 minutes to 95°C, then run for 
35 cycles with a procedure of 95°C for 1 minute, 48°C for 1 minute, 72°C for 2 minutes and a 
final elongation step of 72°C for 7 minutes. This initial PCR product was then used as a 
template for the nested PCR using new primers. The primers that were used for the second 
stage of the RbcL nested PCR region were DtrbcL3F (GAT TTA TTT GAG GAA GST TCD) + 
DtrbcL3R (ACA CCW GAC ATA CGC ATC CA) (Lang and Kaczmarska, 2011). The second nested 
PCR included an initial denaturation step of 94°C for 2 minutes, followed by 39 cycles of 
94°C for 35 seconds, 50°C for 35 seconds, and 72°C for 1 minute. A final elongation step of 
72°C for 5 minutes followed.  
The success of the PCR procedures for ITS and RbcL was assessed on a 1% agarose gel. PCR 
products from the second PCR were sequenced by Inqaba Biotechnical Industries (Pty) Ltd 
as per their standard protocol using the primers: SR12cF + 25F1R for the ITS region, and 
DtrbcL3F + DtrbcL3R for the RbcL region. Sequences were manually aligned using Codon 
Code Aligner 5.1.1 (CodonCode Corporation, US).  
The microalgae collection at the Nelson Mandela Metropolitan University (PEU) provided a 
unique opportunity to test the longevity of glutaraldehyde as a preservative. For the other 
types of preservatives, no long-term samples were available, so this test was limited to 
samples of A. australis collected from Sundays River Beach and preserved in glutaraldehyde. 
Samples from the collection that spanned seven years (2010 till 2016) were analysed using 
modified direct method 2 to extract the DNA. Three replicates were performed. The 
extracted DNA was amplified using the nested PCR protocol for ITS to test its viability in the 
samples.  
Results  
All the modifications, as well as the original direct method, had a 100% success rate for 
extracting DNA from cells preserved in ethanol and isopropanol. This meant that no 
modifications were necessary to the direct method for there to be successful amplification 
of samples preserved in ethanol or isopropanol. The direct method and the modified direct 
method 1 proved unsuccessful for samples preserved in glutaraldehyde; only the modified 
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direct method 2 allowed for successful amplification after extraction of DNA from the 
samples. None of the five extractions were successful at extracting DNA from samples 
preserved in formalin (Table 1).  
Table 1. The success of DNA extraction for Anaulus australis and the different preservation 
methods used for storage (sequences are provided in Appendix 1). The extraction 
was deemed successful if all of the five replicates done provided viable DNA 
(100% success). If none of the five extractions yielded viable DNA then the 
method was denoted unsuccessful.   
 Ethanol Isopropanol Glutaraldehyde Formalin 
Direct Method Successful Successful Unsuccessful Unsuccessful 
Modified Direct Method 1 Successful Successful Unsuccessful Unsuccessful 
Modified Direct Method 2 Successful Successful Successful Unsuccessful 
 
The direct method and both the modifications tested were successful on A. australis and A. 
glacialis s.l. Only the modified direct method 2 was successful for A. armata and none of the 
extractions were successful for Aulacodiscus (Table 2).  
Table 2. The success of DNA extraction for surf diatom species preserved in ethanol 
(sequences are provided in Appendix 1). The extraction was deemed successful if 
all of the five replicates done provided viable DNA (100% success). If none of the 
five extractions yielded viable DNA then the method was denoted unsuccessful.    
 Asterionellopsis 
glacialis s.l. 
Anaulus 
australis 
Attheya 
armata 
Aulacodiscus 
johnsonii and 
Aulacodiscus 
petersii 
Direct Method Successful Successful Unsuccessful Unsuccessful 
Modified Direct 
Method 1 
Successful Successful Unsuccessful Unsuccessful 
Modified Direct 
Method 2 
Successful Successful Successful Unsuccessful 
 
The PCR for the ITS region of the chrono-sequence of A. australis from 2010 to 2016 only 
showed successful amplification for the years 2015 and 2016 (collected and preserved in 
glutaraldehyde one and two years prior to extraction respectively). The same results were 
found on three replicate samples tested. Figure 2 shows the results of the extractions of 
DNA from cells collected in March of seven consecutive years, but similar results were found 
15 
 
for April and May sample sets from the same years. Glutaraldehyde appears to be 
ineffective as a long-term preservation method for the nucleotides in cells as successful DNA 
extraction and amplification is only possible within two years of preservation.   
 
Figure 2. Gel showing the results of a chrono-sequence for Anaulus australis from the 
Sundays River Beach sampled annually in March of2010 to 2016. From left to 
right the wells are 2010, 2011, 2012, 2013, 2014, 2015, 2016 and a gel positive. 
The amplifications for all these samples took place in 2016. 
 
The images in Figure 3 show cells from the 2010 and 2016 samples of A. australis used in the 
chrono-sequence. The 2016 sample showed successful amplification for the ITS region while 
the 2010 sample showed no amplification. There is no visible degradation or decay of the 
cells when comparing the two samples. 
 
Figure 3. Anaulus australis samples sampled in 2010 (left) and 2016 (right) used in the 
PCR. The micrographs were taken in 2016. 
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Discussion 
The main aim was to test the relatively simple and inexpensive method for extracting DNA 
from diatoms for PCR as developed by Lang and Kaczmarska (2011). Secondarily, the aim 
was to test whether this method could be adapted to work for cells fixed using a range of 
preservatives, as well as a range of diatom species.    
Extractions and subsequent successful amplification of DNA was achieved for each of the 
preservatives: isopropanol, ethanol and glutaraldehyde. Successful sequences were 
obtained for each of these preserved samples. The sequences for the ITS region were all 
identical irrespective of the preservative in which the sample was kept. The same was true 
for the RbcL region, indicating that each of these preservatives successfully preserved the 
DNA and caused no damage. Thus, a complete undamaged sequence was obtained for both 
regions (Appendix 1).  
No DNA extraction was possible for any samples preserved in formalin. Formalin is known to 
modify nucleic acids by reacting with free amino groups as well as forming cross-links 
(methylene bridges) between hydrogen groups or proteins (Eltoum et al., 2001b). This could 
be the reason why no successful extraction and amplification was possible for a formalin 
preserved sample. However, washing the preserved tissue of a formalin sample has been 
found to reverse some of these reactions (Eltoum et al., 2001a). This indicates that perhaps 
a different method of extraction for formalin samples could be still developed. However, 
even if an extraction succeeded, the modifications to the nucleotides caused by the formalin 
could cause inaccuracy in the results of an amplification. Formalin has several other 
disadvantages as a preservative, including morphological degradation of specimens during 
long-term storage that causes erroneous results during the analysis of samples, such as 
incorrect morphological identification of species (Mukherjee et al., 2014). Considering the 
disadvantages of formalin, it is not necessary to invest in developing an extraction protocol 
for it, but rather change to a different preservative, such as glutaraldehyde.  
The direct method was found to be successful for two species, Anaulus australis and 
Asterionellopsis glacialis. The modified direct method 2 proved successful for Attheya 
armata, but no method was successful for Aulacodiscus spp. This indicates that, while the 
direct method is quick and easy, it is species specific to some degree. Many diatom species, 
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such as A. armata, produce significant amounts of mucilage that could interfere with the 
extraction process (Uyua et al., 2014). For the extraction of DNA from A. armata, the same 
modifications to the protocol as were successful for extracting DNA from glutaraldehyde 
preserved samples proved successful. None of the modifications or the unmodified method 
proved successful for the extraction of DNA from Aulacodiscus spp. This could mean that an 
extra modification to the method is needed or it could mean that the primers were 
inappropriate for this species.   
The chrono-sequencing (series of samples stored over a period of time) suggests that 
glutaraldehyde does not work as a long-term preservative if the objective of the storage of 
samples is sequencing nucleic acids. However, while genetic work is only possible within one 
to two years of sampling and preserving, the state of the cells as seen with light microscopy 
remains the same. Images taken from the 2010 sample and the 2016 sample showed no 
change in the appearance of the cells (Figure 3). There was no visible degradation or decay. 
This suggests that, while glutaraldehyde preserved samples do not remain viable for genetic 
work for more than two years, these samples are still useful for morphological work. An 
annual decanting and re-preserving of cells in fresh glutaraldehyde may prolong the viability 
of samples. This remains to be tested. While the length of time that glutaraldehyde 
preserves viable DNA for is approximately two years, this is longer than other preservatives 
such as Lugol’s iodine solution, which only lasts for six months (Auinger et al., 2008). A 
preservation method that is long term but low maintenance would be ideal for microalgal 
collections. If the longevity of glutaraldehyde samples can be increased by annually 
decanting and re-preserving samples it would provide a long-term preservation method, but 
would be time consuming, especially with a large collection. The possibility of extending 
DNA preservation in glutaraldehyde by cooling or freezing samples also remains to be 
determined. Glutaraldehyde has the added advantage of not morphologically altering the 
cells (Figure 3). Some specimens are altered when preserved in formalin or Lugol’s iodine 
solution. The organic material of the cell has been seen to shrink and become distorted if 
the concentration of the preservative is not ideal and this damage endured by cells due to 
long-term preservation can lead to erroneous results upon analysis (Iwasawa et al., 2009; 
Mukherjee et al., 2014).   
18 
 
 Another method of preservation worthy of consideration is freezing. Studies have found 
that samples can remain viable for much longer (decades rather than years) when correctly 
frozen (immediately cooled to a sub-zero temperature before being plunged into liquid 
nitrogen) (Day et al., 1997). Day et al. (1997) found that cryopreserved samples could be 
kept for up to 22 years and still be revived to a viable state. However, this did not work 
optimally for all the strains of algae tested. The freezing protocol does have to be modified 
depending on the species and even species within the same genus can have different 
requirements. This is a complication for a microalgal collection which contains a variety of 
different species, but the advantage is that samples preserved in this manner would be 
viable for molecular work even after extended storage (Day et al., 1997; Saadaoui et al., 
2016).  
Conclusion 
The direct method with modifications was found to be successful for A. australis cells 
preserved using isopropanol, ethanol and glutaraldehyde, but not formalin. It was also 
successful for three out of the four surf diatom species tested, all of which were preserved 
in ethanol. Aulacodiscus spp. were the only surf diatoms that did not show a successful DNA 
extraction and amplification. A. australis and A. glacialis s.l. worked with the direct method 
while DNA was successfully extracted and amplified from A. armata, once modifications had 
been added to the direct method. Further research will be required to successfully extract 
DNA from Aulacodiscus spp.  
  
19 
 
Chapter 2. Connectivity of populations of Anaulus australis Drebes et Schultz 
at seven beaches around the South African coast 
Introduction 
Along the southern coastline of South Africa, sandy beaches tend to occur within log-spiral 
bays (also known as half-heart bays due to their shape). The beaches are isolated by rocky 
headlands and can be considered semi-isolated ecosystems (Mclachlan, 1983). Sandy 
beaches are harsh environments that host a variety of unique and highly specialised 
organisms. This includes diatom species that are sandy beach surf-zone endemics and are 
referred to as ‘surf diatoms’. These surf diatoms form dense accumulations (or ‘patches’) in 
the surf which discolour the water (Du Preez et al., 1990). These patches are generated by 
gyres in the surf that form adjacent to rip currents. The circular movement of the gyres 
traps the diatoms in an area where the onshore motion of the wave action is balanced by 
the rip currents that move water offshore (Campbell and Bate, 1997; Du Preez and Bate, 
1992; Talbot and Bate, 1987). 
Globally, there are four genera of surf diatoms, together containing eight species (Campbell, 
1996; Odebrecht et al., 2013): A. australis, A. glacialis s.l., A. socialis, A. armata, A. petersii, 
A. johnsonii, A. kittonii and A. africanus (Drebes and Schulz, 1989; Odebrecht et al., 2013). 
These species occur exclusively in the surf zone, with the exception of A. glacialis, which is 
also found in coastal waters (Odebrecht et al., 2013). Anaulus australis is the most common 
and well-studied surf diatom along the southern coast of South Africa (Campbell and Bate, 
1988a). Not only are the cells trapped by gyres in the surf zone, but A. australis is also well 
adapted at remaining within the surf zone, even if the absence of high wave energy, so that 
it does not get washed out to sea where it cannot survive (Campbell and Bate, 1988b; Du 
Preez, 1996). The cells of A. australis rise to the water surface by attaching to bubbles, 
where they can photosynthesise in high light conditions (Du Preez et al., 1990).. During 
periods of high to medium wave energy, the cells are suspended in the surface water and 
foam of the surf zone. During periods of low wave energy, when the surf environment is 
calm, there is not enough energy to keep the diatoms in the foam in the surf zone and they 
are washed out of the surf zone into the nearshore (Talbot et al., 1990),  which is the area 
behind the wave action. Surf diatoms entering this zone and sink, as there is no wave action, 
and thus no wave-entrained bubbles that are required to maintain their false buoyancy (Du 
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Preez, 1996). In the nearshore, cells may lie dormant in the sand until a storm occurs that 
re-suspends them into the water column and transports them back into the surf zone (Du 
Preez and Bate, 1992). If the diatoms do end up in the wave-free nearshore, they may be 
trapped there until the next storm event. A sufficiently strong storm event may not occur 
for several months and they will be trapped in the sediment in the dark for a long period. 
However, A. australis can survive long periods without light in a dormant state (Du Preez et 
al., 1990; Du Preez and Bate, 1992).     
This specialised biology of A. australis, which prevents the cells from being washed out to 
sea, should restrict inter-beach movement (Du Preez and Bate, 1992). This, combined with 
the geography of sandy beaches isolated within log-spiral bays, likely further isolates each 
population. Thus, the biology of A. australis coupled with the geographic isolation of sandy 
beaches suggests that populations of A. australis should be genetically isolated across log-
spiral bays. The aim is to test this hypothesis by comparing the genetic diversity of seven 
populations of A. australis from different embayments along the southern coast of South 
Africa.   
This is the first study of phylogeographic patterns of surf diatoms around the South African 
coast. Most phylogeographic research of patterns along the South African coastline beaches 
has been on marine invertebrates (Teske et al., 2011, 2007, 2006). Teske et al. (2006) found 
several marine coastal invertebrates showing significant genetic variation amongst 
populations divided by the South African coastline’s biogeographic boundaries. The coast 
can be divided into three biogeographic provinces: The West Coast Province (cold-water), 
the South Coast Province (warm-temperate) and the East Coast Province (subtropical) 
(Harrison, 2002; Stephenson and Stephenson, 1972). Three divergent lineages were found 
for the coastal invertebrates investigated and each lineage was restricted to a province. 
Teske et al. (2011, 2006) also found genetic variation amongst the invertebrates 
investigated. Among the main reasons for this variation in genetic lineages were the 
biogeographic boundaries, isolation by distance (influenced by larval development) and 
persistent palaeogeographic conditions.  
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Methods and Materials 
Anaulus australis cells were collected by scooping foam from patches in the surf zone of 
seven sandy beaches (Muizenburg and Maccassar in False Bay, De Hoop, Wilderness, 
Sedgefield, Sundays River Beach and Cintsa, Figure 4), preserved in ethanol and stored at 
4°C. Cells were washed twice in distilled water and centrifuged at 15,000 rpm for 2 minutes 
before being transferred to sterile water.  
 
 
Figure 4. The seven sandy beach locations within log-spiral bays where Anaulus australis 
patches were sampled.  
 
These samples were used for PCR analysis directly, without DNA extraction, following the 
protocol outlined by Lang and Kaczmarska (2011). The procedure involved nested PCR 
amplifications that were performed using KAPA Taq ReadyMix (Kapa Biosystems, 
Wilmington, Massachusetts). The initial PCR for the ITS1-5.8S-ITS2 region used two external 
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primers: Ns7m (GGC AAT AAC AGG TCT GT) and LR1850 (CCT CAC GGT ACT TGT TC) (Lang 
and Kaczmarska, 2011). The PCR reagents—consisting of 65.1 µL H20, 87.5 µL ReadyMix, 7 
µL of forward primer, and 7 µL of reverse primer—were added to approximately 50 cells in 
1.2 µL of distilled H2O, totalling 25 µL per PCR reaction. The PCR protocol used was an initial 
heating for 10 minutes to 95°C in order to break down cell membranes and release DNA, 
followed by 35 cycles of 95°C for 1 minute, 48°C for 1 minute, and 72°C for 2 minutes; with a 
final elongation step of 72°C for 7 minutes. This initial PCR product was then used as a 
template for the nested PCR using different primers: SR12cF (TAG AGG AAG GAG AAG TCG 
TAA) and 25F1R (ATA TGC TTA AAT TCA GCG G) (Lang and Kaczmarska, 2011; Takano and 
Horiguchi, 2005). The nested PCR included an initial denaturation step of 94°C for 2 minutes, 
followed by 39 cycles of 94°C for 35 seconds, 50°C for 35 seconds, and 72°C for 1 minute; 
followed by a final elongation step of 72°C for 5 minutes.  
Amplification of the RbcL region, using the primers DtrbcL2F (TCA GAA CGG ACT CGA ATT 
AAA) and DtrbcL1R (TTA TAC GTT TGC TGT TGG TGT), used the following PCR protocol: 
initially the mixture was heated for 10 minutes to 95°C, then run for 35 cycles with a 
procedure of 95°C for 1 minute, 48°C for 1 minute, 72°C for 2 minutes and a final elongation 
step of 72°C for 7 minutes. This initial PCR product was then used as a template for the 
nested PCR using new primers. The primers that were used for the second stage of the RbcL 
nested PCR region were DtrbcL3F (GAT TTA TTT GAG GAA GST TCD) and DtrbcL3R (ACA CCW 
GAC ATA CGC ATC CA). The second nested PCR included an initial denaturation step of 94°C 
for 2 minutes, followed by 39 cycles of 94°C for 35 seconds, 50°C for 35 seconds, and 72°C 
for 1 minute. A final elongation step of 72°C for 5 minutes followed. 
The success of the PCR procedure for ITS1-5.8s-ITS2 and RbcL were assessed on a 1% 
agarose gel. PCR products were sequenced by Inqaba Biotechnical Industries (Pty) Ltd in 
Pretoria, South Africa. Sequences were edited, contigged and aligned using CodonCode 
Aligner 5.1.1 (CodonCode Corporation, US). Five samples were sequenced per beach.  
Results 
Polymorphisms were found at four sites in the aligned DNA for the ITS sequences (Table 3) – 
two in each of the ITS1 and ITS2 regions. All polymorphisms were in the form of dual peaks 
in the electropherogram. These polymorphisms were repeatedly found across all five of the 
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sequenced samples and are thus highly unlikely to be due to PCR error. These 
polymorphisms indicate that multiple ITS-variants/ribotypes are present in five out of the 
seven beaches sampled. Cells from the two False Bay beaches, Muizenburg and Maccassar, 
shared a single ribotype. The other five beaches (De Hoop, Wilderness, Sedgefield, Sundays 
River and Cintsa) all shared one common variant at 694:  R(G/A). In the case of Sundays, 
Wilderness and Sedgefield, greater variation is present. It is probable that each 
polymorphism found in these populations indicates a different ITS-variant rather than 
simply having two highly divergent sequences. This is supported by the one common 
polymorphism found at five of the beaches R(G/A). Wilderness and Sedgefield have several 
shared ITS-variants not found at the other beaches. No variability was found in the DNA 
alignments for the RbcL sequences.  
Table 3. The differences between sequences from Sundays River Beach, Muizenburg, 
Maccassar, De Hoop, Wilderness, Sedgefield and Cintsa for the ITS (706 bp) region 
(full sequences are provided in Appendix 1). 
Locality 
Position in the ITS sequence 
78 127 669 694 
Muizenburg C T G A 
Maccassar C T G A 
De Hoop C T G R (G/A) 
Wilderness Y (C/T) Y (C/T) G R (G/A) 
Sedgefield Y (C/T) Y (C/T) G R (G/A) 
Sundays River Beach C Y (C/T) R (G/A) R (G/A) 
Cintsa C T G R (G/A) 
 
 
Discussion 
In general, there is a paucity of studies on connectivity of adjacent log-spiral bay beaches, 
including studies into the mobility of surf diatoms. Based on the biology of Anaulus australis 
and the configuration of sandy beaches along the South African coast, it was hypothesised 
that populations are isolated and have been for a long period. We expected that this would 
be reflected by genetic divergence between the sampled populations using the ITS regions. 
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These DNA regions (ITS1 and ITS2) have been identified as suitably variable for DNA 
barcoding of diatoms (Moniz and Kaczmarska, 2010) and also show intraspecific diversity in 
a range of marine planktonic diatoms (e.g. Pseudo-nitzschia delicatissima; Godhe et al., 
2006; Kaczmarska et al., 2008; Orsini et al., 2004). The beach-level genetic variability at 
Sundays, Wilderness and Sedgefield (three variable sites) is comparable to variability found 
within single localities, and similar sampling efforts, of marine planktonic species (ranging 
from 5 to 8 variable sites: P. delicatissima and Skeletonema marinoi; Godhe et al., 2006; 
Kaczmarska et al., 2008). These variable sites were, by and large, associated with single 
substitutions and not highly divergent sequences. 
The polymorphisms found at the South African beaches may be due to variation between 
individuals or within individuals (i.e. Intra-Individual Site Polymorphisms, Potts et al., 2014) 
and this cannot be established without single cell PCR. Intra-Individual Site Polymorphisms 
can occur because the ITS1-5.8S-ITS2 regions occur in 100 to 1000s of tandem repeats 
across the genome in nuclear organiser regions (Rogers and Bendich, 1987; Volkov et al., 
1999). Regardless of whether the polymorphisms are intra-individual or intra-population, it 
still indicates that multiple ITS-variants are present in five out of the seven beaches 
sampled. Cells from the two False Bay beaches, Muizenburg and Maccassar, shared a single, 
identical ribotype. The other five beaches (De Hoop, Wilderness, Sedgefield, Sundays River 
and Cintsa) all shared one common variant at 694:  R(G/A). This indicates migration between 
these beaches, as it is unlikely for all these beaches to develop the same variation 
independently. In the case of Sundays, Wilderness and Sedgefield, greater variation is 
present than at the other beaches. Wilderness and Sedgefield have several shared variants 
not found at the other beaches, indicating that these two beaches are most likely a single 
population.  
One possibility that explains the observed pattern at the beaches sampled is that there is 
migration/dispersal of cells between all the various localities sampled. Investigations into A. 
australis found that the mechanisms that keep the cells in the surf zone prevent cells from 
being lost off the back of the waves and should thus stay within a surf-zone system. 
However, while cells appear to be rarely lost from the back of waves, cells are pushed off 
the end of beaches due to longshore currents. Campbell and Bate (1988b) investigated 
longshore currents at Sundays River Beach and found that patches of A. australis were lost 
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off either end of the beach depending on the direction of the longshore current. In this 
manner, A. australis cells could move out of a beach system and, if the longshore current 
remained in the same direction for long enough, out of the log-spiral bay in which the beach 
is situated. Once out of the bay system, the cells would then most likely be transported 
planktonically via ocean currents. 
The most likely method of travel for the cells in order to reach another beach would be via 
the Agulhas Current. The Agulhas Current is a fast moving, warm water current that travels 
down the East and South coast of South Africa (Figure 5) (Branch and Branch, 1981; 
Lutjeharms, 2006). The Agulhas Current is one possible mode of transport for cells and 
would even, on occasion, be able to transport cells around Cape Point to False Bay, as 
filaments of the current have been seen on satellite imagery to detach from the current and 
swirl around Cape Point to the West Coast (Lutjeharms, 2006). These filaments reaching the 
West Coast is not a commonplace event, which would suggest that if cells are transported 
via the Agulhas Current then only a small portion of the cells that migrate between beaches 
would reach Cape Town and the West Coast. This limited connectivity could explain the low 
levels of genetic variation at the False Bay beaches. In support of the Agulhas Current 
rounding Cape Point on occasion, there is evidence of tropical seeds from the South African 
East Coast being carried by the Agulhas Current and ending up on West Coast beaches 
(Muir, 2003). This indicates that planktonic transport around the Cape Point via the Agulhas 
Current is a possibility. The Agulhas Current also travels down the East Coast close to the 
shore (Figure 5) and, therefore, could pick up cells and transport them to other beaches. 
The Agulhas Current is fast moving and A. australis  cells can survive for several months 
without light, so there is no reason to think that the cells could not survive long distance 
transport around the coast (Du Preez and Bate, 1992).  Over the Agulhas Bank filaments 
form off the landward side of the Agulhas Current and turn back on themselves moving 
backwards and shoreward against the flow of the Agulhas Current over the bank (Figure 5). 
If the current is carrying A. australis cells then these filaments could be the method by 
which cells are deposited at the various beaches between De Hoop and Sundays River 
Beach. 
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Figure 5. The Agulhas moving along the South African shoreline (Adapted from 
Lutjeharms, 2006). 
 
The observed patterns of genetic diversity could also be linked to palaeogeographic changes 
of the South African coastline rather than being related to modern day dispersal patterns. 
The glacial and interglacial climate cycles of the Pleistocene had a dramatic effect on the 
position and configuration of the southern African coastline (Figure 6). As sea levels 
dropped in response to increased glaciation, the continental shelf around the southern 
coast of South Africa was exposed, creating a new coastline. The palaeocoast (Figure 6) 
likely included many sand-dominated systems (Cawthra et al., 2015; Fisher et al., 2010). It is 
possible that many currently geographically isolated populations shared common beaches 
along this palaeocoast, and thus share genetic lineages via a common population that 
underwent vicariance rather than through present-day dispersal between beaches. 
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Figure 6. The changes in sea level during the glaciation period in the Pleistocene. The 
black line represents the current coastline. The grey line represents the 
palaeocoastline 21 500 years ago (Fisher et al., 2010).  
 
The third possibility is that both the palaeographic environment and current dispersal 
patterns influence the observed variability at the localities sampled. The ancestral ribotype 
(found at all the beaches) could have been distributed to all the current localities during the 
recession of the coastline at the end of the last glaciation period. Following that distribution, 
variation could have occurred in the ITS region and the new ITS-variants could have 
dispersed among the South and East coast beaches via the Agulhas Current. Further 
research is needed in order to determine which of these three scenarios is most likely to 
have occurred.      
Conclusion 
This study reports preliminary findings about the history of the surf diatom, A. australis, 
along the southern coast of South Africa. Further work is required to consider the role of 
dispersal as opposed to the meeting of populations on palaeocoastal beaches in the genetic 
variability found at the sampled beaches. The sequencing of additional DNA regions, which 
might show increased variability, may reveal further patterns. Finally, the genetic 
structuring and diversity of other surf diatom species found along the South African coast 
(e.g. A. glacialis s.l., A. petersii and A. johnsonii) should be investigated.  
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Chapter 3. Cryptic diversity of Asterionellopsis glacialis (Castracane) Round in 
Round et al. sensu lato in South Africa 
Introduction 
The number of diatom species is thought to be currently underestimated, with a great many 
species as yet undescribed (Mann and Droop, 1996). Recent discoveries indicate that many 
species that have the same morphology show highly variable genetics, indicating previously 
unknown cryptic diversity. When taking into account all the different taxonomic characters 
that are available for determining species diversity, the estimated number of diatom species 
falls at around 100 000 to 200 000 species (Kaczmarska et al., 2014). As diatoms are a fairly 
recent appearance in terms of evolutionary time, this suggests that they have a rapid 
speciation rate (Simon et al., 2009).  
Marine diatoms have no obvious obstructions to long distance dispersal other than habitat 
restrictions (as for surf diatoms) or biogeographical regions that are unsuitable for their 
survival and, until recently, a great many planktonic diatoms were thought to be 
cosmopolitan (Vanormelingen et al., 2008). Some of these cosmopolitan diatoms (e.g. in the 
genera Skeletonema, Sellaphora, Pseudo-nitzschia) have recently been found to have cryptic 
diversity. Thus, while their morphology is very similar, their genetic characters indicate high 
diversity (Kaczmarska et al., 2014). This suggests that natural long distance dispersal of 
diatoms might not be as common as previously thought. 
While natural long distance dispersal of diatoms might be less common than previously 
thought, unnatural connectivity between coasts and transport of diatoms to new areas has 
become a serious problem. The transport of diatoms via shipping and aquaculture has led to 
the introduction of invasive diatoms into new areas and the increase of harmful algal 
blooms (Hallegraeff, 1993). The majority of toxic diatoms fall into the genus Pseudo-
nitzschia, but some are found in the genera Amphora, Nitzschia and Halaphora. All these 
toxic species produce domoic acid, which is a neurotoxin responsible for amnesic shellfish 
poisoning (Tsaloglou, 2015). Fortunately, despite the many species of diatoms, only a few 
are toxic, but invasive species can cause other problems by interfering with the natural 
communities present in an area.  
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The transport of invasive species around the globe has become a very important field of 
study. Unfortunately, in South Africa the monitoring of marine invasive species is not as 
sophisticated as in other parts of the world and the possibility of undiscovered invasive 
species, particularly cryptic species, is great.  
Asterionellopsis glacialis has, in recent years, received some attention as it is a cosmopolitan 
diatom species. In 2014, A. glacialis s.l. was split into five different species based on cryptic 
diversity found between different localities (Kaczmarska et al., 2014). Several regions were 
used to delineate these: ITS1-5.8s-ITS2 (nuclear region), RbcL (chloroplastic region) and 
Cox1 (mitochondrial region), as well as related morphometrics based on scanning electron 
micrographs. Kaczmarska et al. (2014) found five genetic groupings within A. glacialis s.l. 
and, as a result, they described four of these as new species. It appears that the 
morphological diversity of A. glacialis s.l. lagged behind the genetic differentiation. After this 
publication, A. glacialis s.l. has been amended to cover five species: Asterionellopsis 
glacialis, Asterionellopsis lenisilicea Mather, Asterionellopsis maritima Muise, 
Asterionellopsis guyunusae Luddington and Asterionellopsis thurstonii Erhman. 
Following the split of A. glacialis s.l. in 2014, another new species has been described that 
was previously included in A. glacialis s.l. This new tropical species found in Brazil was 
recorded and described as A. tropicalis (Franco et al., 2016). These findings suggest that A. 
glacialis s.l. is not a cosmopolitan species after all and that different species of 
Asterionellopsis might exist at all the localities where A. glacialis s.l. has previously been 
recorded. It also indicates that morphological identifications might be seriously 
underestimating the number of diatom species present throughout the ocean.  
Asterionellopsis glacialis s.l. is not the only taxon of diatoms that has been found to have 
greater diversity than previously thought. Godhe et al. (2006)  studied Skeletonema marinoi, 
a planktonic marine diatom that has a widespread geographical distribution. Their study 
considered the same nucleic acid regions (LSU and ITS1-5.8S-ITS2) to compare 
geographically separated populations. Clonal cultures were isolated and grown from the 
Canadian west coast, the south west coast of Portugal, as well as both the west and east 
coasts of Sweden. It was found that there was a genetic separation of both LSU and ITS in 
the samples from all the locations. Polymorphic sites were found in each of the regions 
sequenced, except 5.8S. Different numbers of variable sites were found for each geographic 
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region. LSU showed the highest number of polymorphic sites, with the total number from all 
the cultures sequenced being 35 compared to 12 polymorphic sites for ITS1 and 21 
polymorphic sites for ITS2. For globally distributed species or large scale phylogeography, 
ITS1, ITS2 and LSU clearly have potential for studies aimed at distinguishing geographically 
separated but morphologically indistinct populations.   
South Africa has yet to catch up with the work being done globally on the revisions of 
diatom classification using these new genetic methods. Asterionellopsis glacialis s.l. has 
been identified along the South African coast using morphological features for identification 
(Du Preez et al., 1989). Since its original identification no further work has been done and, 
since this taxon has been found to be rich in cryptic diversity, it can be expected that the 
South African A. glacialis might be a new and unique species to be added to this group. Like 
A. tropicalis, discovered in 2016 in Brazil, the Asterionellopsis found along the South African 
coast is found in the surf zones of sandy beaches and is classified as a surf diatom. There are 
several sandy beaches along the South African coast that are suitable for surf diatoms. 
Among these beaches is Sundays River Beach, which has been well studied in terms of surf 
diatoms (Campbell and Bate, 1997). 
The Sundays River Beach surf zone is usually dominated by the surf diatom A. australis 
(Campbell, 1987; Talbot et al., 1990). However, while one diatom species dominates the 
surf, there are several others that have been found to co-occur with A. australis, but usually 
in fairly small numbers (Campbell and Bate, 1988a). One of the surf diatoms most commonly 
found to co-occur with A. australis at Sundays River Beach is A. johnsonii. Aulacodiscus 
petersii is also often found. Over the years, A. glacialis s.l. has also been found in the surf 
zone and, while it is usually A. australis that is dominant at this beach, there have been 
times when it has been A. glacialis s.l. that has become the dominant patch-forming species 
(Campbell, 1987). During routine sampling at Sundays River Beach in 1985, patches were 
sampled and discovered to be A. glacialis s.l. rather than the expected A. australis (Du Preez 
et al., 1989). The 6th of July 1985 was the first recorded event of A. glacialis s.l. becoming 
dominant at Sundays River Beach. This event lasted approximately a month, with A. 
australis returning to dominance by the 27th of July of the same year. Neither the weather 
nor the wave climate were found to be unusual during this period, making this a seemly 
random event with no clear explanation for the changeover in species dominance.  
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Since several cryptic species of Asterionellopsis have now been found at different localities 
globally, the hypothesis was tested that a new cryptic species of Asterionelopsis occurs at 
Sundays River Beach. The genetic markers ITS, RbcL and V4 were used for this purpose.  
Methods and Materials  
Asterionellopsis from the Sundays River Beach (33°43'35"S, 26°01'02"E) was cultured using 
serial dilution to isolate a monoculture with a high enough cell concentration for DNA 
extraction. Cells were cultured in F/2 medium with 0.03 g/L of silicic acid added to the 
medium (Du Preez, 1996) until harvested for DNA extraction. The harvested cells were 
stored in isopropanol until use. Before amplification, cells were washed twice in distilled 
water and centrifuged at 15 000 rpm for two minutes before being transferred to sterile 
water. These samples were used for PCR analysis directly without DNA extraction following 
the protocol outlined by Lang and Kaczmarska (2011). Nested PCR amplifications were 
performed using KAPA Taq ReadyMix (Kapa Biosystems, Wilmington, Massachusetts). The 
initial PCR for the ITS1-5.8S-ITS2 region used two external primers: Ns7m (GGC AAT AAC 
AGG TCT GT) and LR1850 (CCT CAC GGT ACT TGT TC) (Lang and Kaczmarska, 2011; Takano 
and Horiguchi, 2005). The PCR reagents — consisting of 65.1 µL H20, 87.5 µL ReadyMix, 7 µL 
of forward primer, and 7 µL of reverse primer — were added to approximately 50 cells in 
1.2 µL of distilled H2O, totalling 25 µL per PCR reaction. The PCR protocol used was an initial 
heating for 10 minutes to 95°C in order to break down cell membranes and release DNA, 
followed by 35 cycles of 95°C for 1 minute, 48°C for 1 minute, and 72°C for 2 minutes; with a 
final elongation step of 72°C for 7 minutes. This initial PCR product was then used as a 
template for the nested PCR using different primers: SR12cF (TAG AGG AAG GAG AAG TCG 
TAA) and 25F1R (ATA TGC TTA AAT TCA GCG G) (Lang and Kaczmarska, 2011). The nested 
PCR included an initial denaturation step of 94°C for 2 minutes, followed by 39 cycles of 
94°C for 35 seconds, 50°C for 35 seconds, and 72°C for 1 minute. A final elongation step of 
72°C for 5 minutes followed.  
Amplification of the RbcL region, using the primers DtrbcL2F (TCA GAA CGG ACT CGA ATT 
AAA) and DtrbcL1R (TTA TAC GTT TGC TGT TGG TGT), used the following PCR protocol: 
initially the mixture was heated for 10 minutes to 95°C, then run for 35 cycles with a 
procedure of 95°C for 1 minute, 48°C for 1 minute, 72°C for 2 minutes and a final elongation 
step of 72°C for 7 minutes. This initial PCR product was then used as a template for the 
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nested PCR using new primers. The primers that were used for the second stage of the RbcL 
nested PCR region were DtrbcL3F (GAT TTA TTT GAG GAA GST TCD) and DtrbcL3R (ACA CCW 
GAC ATA CGC ATC CA). The second nested PCR included an initial denaturation step of 94°C 
for 2 minutes, followed by 39 cycles of 94°C for 35 seconds, 50°C for 35 seconds, and 72°C 
for 1 minute. A final elongation step of 72°C for 5 minutes followed. 
PCR products were sequenced by Inqaba Biotechnical Industries (Pty) Ltd in Pretoria, South 
Africa, according to their standard protocol using the primers: SR12cF + 25F1R for the ITS 
region and DtrbcL3F + DtrbcL3R for the RbcL region. Sequences were edited, contigged and 
aligned using Codon Code Aligner 5.1.1 (CodonCode Corporation, US). The divergence 
between the sequences was calculated using uncorrected pairwise distances (Tamura et al., 
2013). This method was chosen because it is considered more appropriate for closely 
related species (Nei and Kumar, 2000). The maximum likelihood phylogenetic inference was 
generated using RAxML (Stamatakis, 2014) and the phylogenetic trees were drawn using 
Figtree (Morariu et al., 2009).  
Scanning electron micrographs were taken so that the morphology of the cells could be 
analysed. Cells were boiled in 50% nitric acid for 10 minutes in order to remove organic 
matter and so that the frustule fine structure could be observed (Pachar and Cameron, 
1992). The cells were then washed onto 5 µm pore size polycarbonate filters (Whatman) 
that were attached to a SEM stub using carbon tabs (Agar Scientific). The stub was sputter 
coated with gold for 30 seconds and then examined using a JEOL JSM-7001F Field Emission 
Scanning Electron Microscope operating at 25-30 kV and at a 9 mm working distance. 
Images were analysed using ImageJ (Schneider et al., 2012) to measure the following 
features: the total length of the cell, head width, number of striae in 10 μm along the foot 
sternum, number of striae and spines in 10 μm of the head, number of striae in 10 μm of 
the foot and the headband, the maximum width of the foot and the orthogonal bisector to 
the axis of the maximum width of the foot along the sternum (Figure 7). The ratio between 
the maximum foot width and the orthogonal height of the foot was calculated (Franco et al., 
2016; Kaczmarska et al., 2014). These morphological features were used in a Principal 
Component Analysis using the Vegan library (Oksanen et al., 2017) run in R version 3.3.3 (R 
Core Team, 2017) to determine morphological similarity between species. 
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Sequences for the non-South Africa samples of Asterionellopsis were obtained from 
GenBank (Table 4). A Plagiogramma species and Asterioplanus karianus (Grunow) Gardner 
& Crawford were chosen for the outgroup for the RbcL and ITS trees respectively (Table 4). 
 
 
 
Figure 7. Informative metrics of Asterionellopsis frustules: 1) total length of the cell; 2) 
maximum width of the foot; 3) orthogonal bisector to the axis of the maximum 
width of the foot along the sternum; and 4) head width (Example micrographs of 
the morphological features are provided in Appendix 2). 
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Table 4. Asterionellopsis species, when they were isolated, their geographic origin and 
GenBank accession numbers for ITS and RbcL sequences. The South African 
samples were sequenced for this project, non-South African species sequences 
were acquired from Franco et al. (2016); Kaczmarska et al. (2014). 
Species Date 
Isolated 
Country Collection Site; 
Lat. and Long. 
ITS RbcL 
A. lenisilicea 
Mather 
2009 
 
Canada Maces Bay 
(45.09, -66.47) 
KF453999 KF453987 
Unknown Unknown Unknown  HQ656823 
2015 South Africa Sundays River Beach  
(-33.70, 25.98) 
Contig 1-5 Contig 1-4 
A. maritima 
Muise 
2009 
 
Canada Bedford  
(44.41,-63.68) 
KF454000 KF453988 
2009 Island of 
Newfoundland 
St Johns  
(47.56,-52.71) 
KF454001 KF453989 
A. guyunusae 
Luddington 
2009 Uruguay Montevideo 
(-34.96,-56.16) 
KF454002 
KF454003 
KF453990 
 
2015 Brazil Cassino Beach 
(-32.20, -52.16) 
KT336327 
 
 
A. thurstonii 
Erhman 
Unknown 
 
Black Sea 
 
Black Sea 
(43.00,34.00) 
GQ330311 
 
KF453991 
 
1992 Netherlands Renesee  
(51.73,3.77) 
GQ330312 
 
KF453992 
Unknown Unknown Unknown  FJ002115 
A. glacialis 
(Castracane) 
Round 
1999 
 
South Korea 
 
Samcheonpo 
(34.92,128.07) 
 HQ710592 
 
1964 United States Baja Calif. (24.27,-
111.53) 
FJ864272 
 
KF453993 
 
1963 United States S. Diego Bay (32.66,-
117.14) 
 HQ912477 
A. tropicalis 
Franco 
2015 Brazil Futuro Beach 
(-03.68, -38.45) 
KT336328 
KT336329 
KT336325 
Asteroplanus 
karianus 
(Grunow) 
Gardner & 
Crawford 
(Outgroup) 
1995 United States Kasitsna Bay (59.48,-
151.55) 
GQ330313  
Plagiogramma 
Greville   sp.1 
(Outgroup) 
1910 Canada Vancouver (49.03,-
123.11) 
 KF453995 
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Results 
The morphological results (Figure 8) show that that there is some overlap of traits between 
the Asterionellopsis species. Nevertheless, taxa group together based on their morphology. 
Asterionellopsis glacialis forms a unique group with a fidelity of 78%, as does A. guyunusae 
with a 100% fidelity, but including 17% of the “glacialis” group. Fidelity is the percentage of 
a species that falls into an ordination domain that is not shared with any other. The rest of 
the species more or less form a mixed group, but A. lenisilicea and A. maritima lie closest to 
the South African samples based on morphology. Approximately half of the South African 
cells lie in the PCA domain of A. lenisilicea (dark red squares, Figure 8), but a few individuals 
fall in the mixed “lenisilicea-maritima” domain.  
 
Figure 8. Principle Components analysis of the various Asterionellopsis species based on 
their morphological features (A. tropicalis is not included). The ellipses represent 
the standard deviations. The South African samples were measured for this 
project, the non-South African species measurements were acquired from 
Kaczmarska et al. (2014).  
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The maximum likelihood phylogenetic trees (Figures 9) agree with the morphological 
analysis that the closest species to the South African sample is A. lenisilicea. In fact, the 
phylogenetic trees indicate that there is not enough genetic difference between the South 
African samples and the type specimen of A. lenisilicea for them to be considered different 
species. This result was found for the ITS region as well as the RbcL region (Figure 9). In the 
previous studies done on Asterionellopsis two samples from different regions found with a 
0.2% difference were considered the same species while the lowest value for species to be 
considered different was 2.5% for RbcL and 2.4% for the ITS region. For the previous studies 
on this genus a difference greater than 2% was taken to indicate a possible new species 
(Franco et al., 2016; Kaczmarska et al., 2014).  The difference between the South African 
species and A. lenisilicea was 0.7% and 0.6% for RbcL and ITS respectively.  
The uncorrected pairwise distances show that there are some small differences between 
the South African A. lenisilicea and the Canadian type A. lenisilicea (Table 5). For the RbcL 
region the distance is 0.007 and for ITS the distance is 0.006. The distances between the 
other species are much larger, ranging from 0.025 to 0.063 for RbcL and from 0.021 to 0.144 
for ITS.  
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A)
 
B) 
 
Figure 9. Maximum likelihood trees for Asterionellopsis with bootstrap values (1000 
replicates), each gene constructed separately with A) ITS1-5.8s-ITS2 (823 bp) and 
B) RbcL (449 bp). The scales under the trees measure evolutionary distance in 
substitutions per nucleotide.  
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Table 5. The uncorrected pairwise distances between the Asterionellopsis species 
calculated using RbcL and ITS. 
Species 1 Species 2 RbcL ITS 
Asterionellopsis glacialis Asterionellopsis lenisilicea 
0.044 - 
0.041 0.046 
Asterionellopsis glacialis Asterionellopsis (South Africa) 0.041 0.048 
Asterionellopsis glacialis Asterionellopsis thurstonii 0.027 0.085 
Asterionellopsis glacialis Asterionellopsis maritima 0.027 0.039 
Asterionellopsis glacialis Asterionellopsis tropicalis 0.025 0.124 
Asterionellopsis glacialis Asterionellopsis guyunusae 0.025 0.05 - 0.048 
Asterionellopsis lenisilicea Asterionellopsis (South Africa) 0.007 0.006 
Asterionellopsis lenisilicea Asterionellopsis thurstonii 
0.053 - 
0.051 0.095 
Asterionellopsis lenisilicea Asterionellopsis maritima 0.037 0.024 
Asterionellopsis lenisilicea Asterionellopsis tropicalis 0.06 0.147 
Asterionellopsis lenisilicea Asterionellopsis guyunusae 0.032 0.076 
Asterionellopsis (South 
Africa) Asterionellopsis thurstonii 0.056 0.097 
Asterionellopsis (South 
Africa) Asterionellopsis maritima 0.039 0.021 
Asterionellopsis (South 
Africa) Asterionellopsis tropicalis 0.063 0.144 
Asterionellopsis (South 
Africa) Asterionellopsis guyunusae 0.029 0.073 
Asterionellopsis thurstonii Asterionellopsis maritima 0.041 0.085 
Asterionellopsis thurstonii Asterionellopsis tropicalis 0.025 0.134 
Asterionellopsis thurstonii Asterionellopsis guyunusae 0.034 0.087 - 0.085 
Asterionellopsis maritima Asterionellopsis tropicalis 0.048 0.129 
Asterionellopsis maritima Asterionellopsis guyunusae 0.036 0.057 - 0.055 
Asterionellopsis tropicalis Asterionellopsis guyunusae 0.037 0.116 - 0.114 
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Discussion 
Genetic data has revealed that the cosmopolitan species Asterionellopsis glacialis sensu lato 
is comprised of a number of cryptic species that appear to be geographically separated. 
Thus, the expectation was to identify a new species of Asterionellopsis from the Sundays 
River Beach surf zone of the African continent. Instead, the genetic data indicated that the 
species of Asterionellopsis present at Sundays is Asterionellopsis lenisilicea Mather. A. 
lenisilicea was first sequenced from Maces Bay in Canada so it was unexpected to find it in 
South Africa. The percentage difference between A. lenisilicea (Canada) and A. lenisilicea 
(South Africa) was less than one percent for both the ITS and RbcL region. This is a minor 
difference but it does suggest that these two populations have been separated for some 
period of time, which has allowed the differences to develop. In order to properly 
determine the normal range of intra-species variability, more populations of A. lenisilicea 
would need to be sampled and sequenced. However, several localities have been sampled 
for some of the other Asterionellopsis species (Kaczmarska et al., 2014). In the case of A. 
thurstonii, the two sites were quite distant from each other (the Netherlands and the Black 
Sea), but the two populations were genetically identical (Kaczmarska et al., 2014). This could 
mean that the South African population and the Canadian populations of Asterionellopsis 
have been separated longer than any of the populations of the other species or that in the 
case of the other species there is more connectivity between the various populations. The 
interspecies differences for the other Asterionellopsis species were significantly higher, but 
quite variable, ranging from 2.5% to 6.3% for RbcL, with even greater variability in the ITS 
region, ranging from 2.1% to 14.4%. This range is not surprising. In previous studies on 
diatoms using the ITS region the interspecies variability ranged from 2% to 45%, while intra-
species genetic variability ranged from 0% to 17% (Kermarrec et al., 2013a; Moniz and 
Kaczmarska, 2010).    
Such low genetic divergence across such vast distances suggests that either this species has 
a natural means for long-distance dispersal, or this is the result of a recent, human-
mediated dispersal event or events. The most parsimonious explanation for the Canadian 
species being found in South Africa is either that it is native to South Africa and was 
transported to Canada via shipping (ballast water) or that it is native to Canada and was 
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transported to South Africa. Sampling the rest of the South African localities could help 
provide the answer to the question of which direction this species travelled.  
Ballast water transport via shipping routes is one of the most common methods of transport 
of exotic species to receiving waters (Hallegraeff and Bolch, 1992; Mead et al., 2011b; 
Medcof, 1975) and A. glacialis s.l. has been found in the ballast water tanks of ships entering 
Canadian ports (Villac and Kaczmarska, 2011). For South Africa, detailed research needs to 
be done on the water in ballast tanks as very little is being currently done in order to 
determine which species are viable in ballast water discharge into the ports of South Africa. 
There are regulations and guidelines for the management of ballast water discharge in order 
to reduce the risk of introducing invasive species (Gollasch et al., 2007). One such regulation 
is the exchange or discharge of ballast water away from the shore (Gollasch et al., 2007; 
Hallegraeff, 1998). This has been found to be one of the most effective control methods, but 
is not 100% effective in eliminating the introduction of invasive species (Tsolaki and 
Diamadopoulos, 2010). Sundays River Beach is in the eastern sector of Algoa Bay, with its 
two harbours: the Port of Port Elizabeth and the Port of Nqgura. This makes Algoa Bay a 
likely area for either a species to be transported into or out of the country. Asterionellopsis 
glacialis s.l. also makes a good candidate for transport in ballast water due to its ability to 
remain dormant in dark environments for long periods of time (three to six months) 
(Kaczmarska et al., 2014; Villac and Kaczmarska, 2011). Several other species of diatoms 
(Skeletonema costatum (Greville) Cleve, A. australis, Chaetoceros spp. and Thalassiosira 
spp.) were also found to be able to survive for several months, but possibly longer, in the 
dark, functioning almost as a “seed bank” of cells (Du Preez and Bate, 1992; Itakura et al., 
1997).  
Whether or not A. lenisilicea  was introduced to South Africa or is native here and was 
exported, this finding reveals a need for increased monitoring for the introduction of 
invasive diatoms and dinoflagellates through ports via ballast water. Some knowledge of the 
invasive dinoflagellates present in South Africa has been accumulated (Mead et al., 2011a), 
but the research into invasive diatoms lags behind. In investigations into introductions of 
diatoms and dinoflagellates via ballast water into South African ports, both dinoflagellates 
and diatoms were found to be carried into the ports in this manner but no research has 
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been done on classifying these species as indigenous or invasive (Marangoni et al., 2001; 
Robinson et al., 2005).   
Dinoflagellates travelling via ballast water in the form of cysts is a well-known phenomenon 
that has several unfortunate consequences once invasive species take hold in a new area 
(Hallegraeff and Bolch, 1991). Many species of dinoflagellate are toxic and when blooms of 
these species occur this can have several deleterious effects on the receiving ecosystem as 
well as having a economic effect due to interfering with aquaculture as well as other 
commercial activities (Hallegraeff, 1998; Hallegraeff and Bolch, 1992). Not only do the toxins 
produced by these species have negative effects but the anoxic conditions that develop 
when large blooms decay also cause problems for animals in the area (Hallegraeff, 1998; 
Hallegraeff and Bolch, 1991). While dinoflagellates are better known for their toxicity and 
the red tides that they cause, many diatom species behave in a similar manner (Hallegraeff 
et al., 2003; Tsaloglou, 2015). The diatom genera Pseudo-nitzschia and Nitzschia both 
contain toxic, bloom-forming species  that can have equally harmful effects (Bates and 
Trainer, 2006; Hallegraeff and Bolch, 1992; Lundholm et al., 2004).    
Without a comprehensive knowledge of the natural diversity of phytoplankton species 
around the South African coast it will be almost impossible to know if an invasive species 
has been introduced and, if so, when it was introduced. The sudden rise to dominance of 
Asterionellopsis sp. at Sundays River Beach in 1985 (Du Preez et al., 1989) might have been 
indicative of the arrival of A. lenisilicea, but could also simply have been part of a cyclical 
change in dominace, albeit a change in dominance that has not been recordeded since. 
Regular monitoring of the phytoplankton community could help to prevent the same 
uncertainty about such events that may occur in the future.  
Extensive research will be needed to determine if all Asterionellopsis populations recorded 
in the South African coastal zone are A. lenisilcea or if other species of Asterionellopsis 
occur. More information about the diversity and abundance of A. lenisilicea in the coastal 
waters could also help answer the question of whether it is native or invasive to South 
African waters. 
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Conclusion 
The species of Asterionellopsis found at Sundays River Beach has been identified as A. 
lenisilicea using genetic methods. The morphological features examined supported the 
molecular identification. This study has raised many questions for further investigation. 
These questions include: Which species of Asterionellopsis are found in South African 
waters? Which other species of diatoms are cryptic groups of species? Where (globally) is A. 
lenisilicea indigenous? This project has also shown that increased monitoring of the 
harbours for the introduction of non-native species is needed as well as a more detailed 
knowledge of the natural range of species found in the coastal waters of South Africa.  
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General Conclusions and Future Recommendations 
The overall aim of this thesis was to investigate the phylogeny and phylogeography of the 
two dominant South African surf diatoms, A. australis and A. glacialis sensu lato. Firstly, in 
order to do this, an inexpensive and easy method for the extraction of DNA from 
environmental samples of surf diatoms was needed. Following that, the aims of the project 
were to investigate the connectivity or isolation of various populations of A. australis found 
at sandy beaches along the southern coast of South Africa and to investigate the cryptic 
diversity of the South African Asterionellopsis species and put it into perspective on a global 
scale.   
A successful and simple extraction method was found and modified to work for three 
different surf diatom species: A. australis, A. armata and A. glacialis s.l. As well as for three 
different preservation mediums (isopropanol, ethanol and glutaraldehyde). A. johnsonii was 
also tested, but DNA was not successfully extracted from it. Additional research will need to 
be done in order to optimize a DNA extraction method for this species.  
The extraction method was then used to extract DNA from both Anaulus and 
Asterionellopsis to provide sufficient DNA for amplification in order to provide genetic data 
to answer the proposed questions. The phylogeography of A. australis was investigated and 
the hypothesis, based knowledge of the biology of the species, that each population is 
isolated within a bay system was not supported, as minimal genetic divergence was found at 
any beaches. Obtaining environmental samples with sufficient numbers of the target species 
was a limitation in this section of the study. This restricted the sampling sites to beaches 
that had patches present at the time of sampling, excluding other beaches where A. 
australis was present but not in patch numbers. At the other beaches where A. australis was 
present, but not in patch numbers, the quantity of other species present in any sample 
taken was also problematic and prevented these populations from being successfully 
sequenced and compared to the ones in this study. There are some possibilities to solve this 
problem in future studies on these species. Using a cell sorter to obtain only the cells of a 
single species from a sample is one such possibility, but this option still needs to be fully 
investigated before its usefulness can be determined. Species specific primer design are also 
be a possibility. Species/genus specific primer design for the surf diatom species A. australis 
has potential as a means of amplifying only A. australis DNA from a mixed species surf-zone 
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sample. Anaulus australis is the only species in the genus Anaulus that occurs in the surf 
zone region along the South African coast (Odebrecht et al., 2013) and for this reason a 
genus specific primer could be workable for isolating it from a mixed surf-zone sample 
without having to use a species-specific primer. The reason for using a genus-specific 
primer, rather than a species-specific primer, is because we lack sequences from the other 
members of the genus and so cannot target the species-level. However, several closely 
associated genera have been sequenced and could be used in the design of a genus-specific 
primer. For example, there are sequences in GenBank (mostly in the ITS and RbcL regions) 
for genera such as Eunotogramma and Biddulphia, which are both closely related to the 
genus Anaulus. Therefore, creating a species-specific primer in the ITS region would most 
likely be the most successful as it shows more variability than RbcL. The species/genus-
specific primer might only be workable for A. australis from the South African coastline as it 
has not yet been determined if, from a genetic standpoint, A. australis found on other 
coastlines in the southern hemisphere are in fact the same species. Also, both molecular 
and SEM data (to capture morphology) would be needed to determine if speciation has 
occurred between countries before any primer could be declared to be specific for A. 
australis. 
There are also several other surf diatom species found at beaches along the South African 
coast. If the issue of sampling and obtaining data from non-patch beaches where a species is 
found could be resolved, then it opens up the potential to investigate the phylogeography of 
several other surf diatom species, such as A. johnsonii and A. petersii. However, before the 
phylogeography of these species could be investigated, an optimized DNA extraction 
method would have to be developed. 
The investigation into the South African Asterionellopsis did not provide the expected 
results. It was expected that there would be a unique South African species present, but this 
proved not to be the case. The species identified using molecular methods was A. lenisilicea. 
This was unexpected, as this species was first identified on the Canadian coast. The most 
likely explanation for this occurrence is that there is an anthropogenic connection between 
the South African and Canadian coasts and that this species was transported from one coast 
to the other. It is not possible to tell from the available data which coast it is indigenous to 
and which coast it was introduced to. This species could have travelled in either direction. 
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The most likely method of transport is ballast water as these coasts are connected by 
shipping and Asterionellopsis is known to travel via ballast water (Villac and Kaczmarska, 
2011). More research would have to be done to attempt to determine which coast A. 
lenisilicea is native to.  
The connectivity between the Canadian and South African coasts revealed by the 
identification of this Asterionellopsis does indicate that, either leaving the South African 
coast or entering it, there is transport of organisms. This highlights the need for greater 
research into the transport of invasive species, especially via ballast water. While there are 
methods, such as ballast water exchange, to reduce the chance of invasion, these methods 
are not 100% effective and there is still a chance for organisms to be introduced in this 
manner. Monitoring of ballast water for invasive species could provide a great deal of 
information on marine invasions. A complete knowledge of the native marine microalgal 
species is also important.  
If A. lenisilicea is non-native to the South African coast, then the question of a native species 
remains open. Sampling other beaches where Asterionellopsis is known to be found could 
provide answers in this regard. The influencing factor of culturing bias also needs to be 
addressed. If a native species and a non-native species are both present, then it is possible 
that the native species is being eliminated during the culturing process. In order to eliminate 
this as a possibility, another method would have to be employed to identify this species. 
Environmental sequencing via next generation sequencing would allow for this. In this way, 
a sample could be sequenced without introducing a culturing bias and a new species could 
be identified. Unfortunately, this process is very expensive. Alternately, genus-specific 
primers could be designed and used, but this would not be able to eliminate the non-native 
species of Asterionellopsis if it was present in a sample. Species-specific primers could not 
be designed until a sample of the native species had been sequenced and the genetic 
differences between it and the other Asterionellopsis species identified. The sampling of the 
other beaches where Asterionellopsis is present is an important next step. 
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Appendix 1. Sequences 
 Asterionellopsis lenisilicea ITS1-5.8s-ITS2 
TGAGATCCGAAACGAAAACGCACACAGAACAGAAAATTCCATTCGTGCGGCTACAGTACATGACTA
CAAGTGCACATATTACACAGATAACTCTCCTTTCGAATGCACGTAAAGTGCCTCTACCAGAGACGACT
GCACAATACAGCACGAGACACAACTAATAGCCTCGCCACGCACAAAACGTCACGCATTCCAACACAG
CACCAGTACTCAAACCGGTGCAGTGCCACATTCCAGCTCTCATCACACAGTAATAAGGCTGAGTGGG
GTTCGCGGACACTCAGATAAGCATGCTACCGGGCATATCCCGGAAGCGCAATGTGCGTTCAAAATTT
TGATGATTCACGAGAAATTGCAATTCGCATTACGTATCGCATTTCGCTGCGTTCTTCATCGTTGTGGG
AACCTAGACATCCGTTGCTGAAAGTTGTAAGTTACATTACTTTAGTGATAGACGGGCCAAAATCACA
TGATTCACATCCTGCACATGGCCACGTCCATCTTTCATTCACGTTCATTAGAATCGGTTCAGTATGGG
GAGGGCATCAAGTCCGAAAATCTTTTTTCAAAAACAATCAGACTCAAAACCCAAGGTTTGGTTAGAT
AACTCGGCAAGGCCAAAGGAACTAGCGGCACGTGGTACCGCGTCAAAACAYTCCAATAACCCGTGC
CTAGCTTCGCAATAGGGGAGATCGTGGATCGGTGTGGTAATGATC 
 Asterionellopsis lenisilicea RbcL 
AGGAAGGTTCTTTAGCTAACTTAACAGCATCTATCATTGGTAACGTATTTGGTTTCAAAGCAGTAGCT
GCTTTACGTTTAGAAGATATGCGTATTCCTCACTCATACTTAAAGACATTCCAAGGTCCAGCTACTGG
TATCGTTGTAGAACGTGAACGTTTAAACAAGTATGGTACTCCATTATTAGGTGCTACAGTAAAACCTA
AGTTAGGTTTATCTGGTAAGAACTATGGTCGTGTAGTATATGAAGGTTTAAAAGGTGGTTTAGACTT
CTTAAAAGATGATGAGAACATTAACTCTCAACCATTCATGCGTTGGAGAGAACGTTTCTTAAACTGTA
TGGAAGGTATTAACCGTGCTTCAGCAGCTACAGGTGAAGTTAAAGGTTCTTACTTAAACATCACAGC
GGCTACTATGGAAGAAGTTTACAAACGTGCTGAGTACGCTAAGCAAGTTGGTTCTGTAGTTGTTATG
ATCGATTTAGTAATGGGTTATACAGCTATTCAAAGTATTTCTATCTGGGCTCGTGAAAACGATATGCT
TTTACACTTACACCGTGCGGGTAACTCTACGTATGCTCGTCAAAAGAATCACGGT 
 Attheya armata RbcL 
GGAAGGTTCGTTAGCTAACTTAACAGCATCTATTATTGGTACGTTTTCGGTTTTAAAGCCATATCTGC
TTTACGTTTAGAAGATATGCGTATTCCTCACTCATACTTAAAAACGTTCCAAGGTCCTGCAACAGGGA
TTATTGTAGAACGTGAACGTTTAAACAAATACGGTATCCCGTTATTAGGTGCAACTGTAAAACCTAA
ATTAGGTCTTTCGGGTAAAAACTATGGTCGTGTAGTTTACGAAGGTTTAAAAGGTGGTTTAGACTTC
TTAAAAGATGATGAGAACATTAACTCTCAACCATTCATGCGTTGGAAAGAACGTTTCTTAAACTGTAT
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GGAAGGTATTAACCGTGCCGCTGCTGCAACAGGTGAAGTTAAAGGTTCATACCTAAACGTAACTGCT
GCAACTATGGAAGAAGTTTACAAGCGTGCTGAGTACGCTCGTGTTATCGGTTCTGTTATTATCATGA
TCGATTTAGTTATGGGTTACACTGCAATCCAAAGTATTGCTATTTGGGCTCGTGAAAACGAAATGATT
TTACATTTACACCGTGCGGGTAACTCTACATATGCACGTCAAAAGAACCATGGTAT 
 Anaulus australis RbcL (Muizenburg, Maccassar, De Hoop, Wilderness, Sedgefield, 
Sundays River Beach, Cintsa) 
GTTCTTTAGCTAACTTAACTGCATCTATTATCGGTAACGTATTCGGTTTCAAAGCTATTTCAGCTTTAC
GTTTAGAAGATATGCGTATTCCTCACTCATATTTAAAAACATTCCAAGGTCCTGCTACAGGTATTGTA
GTAGAACGTGAACGTTTAAACAAATACGGTATCCCATTATTAGGTGCGACTGTAAAACCTAAATTAG
GTCTTTCTGGTAAAAACTACGGTCGTGTAGTTTATGAAGGTTTAAAAGGTGGTTTAGACTTCTTAAAA
GATGATGAAAACATTAACTCTCAACCATTCATGCGTTGGAGAGAACGTTTCTTATACTGTATGGAAG
GTATTAACCGTGCATCTTCTGCGACAGGTGAAGTTAAAGGTTCGTACTTAAACGTTACAGCAGCTAC
TATGGAAGAAGTTTACAAACGTTCTGAGTATGCTAAACAAGTAGGTTCTGTAATCATCATGATCGAT
TTAGTAATGGGTTACACAGCAATCCAAAGTATTGCTTTATGGGCTCGTGAAAATGACATGCTATTAC
ATTTACACCGTGCTGGTAACTCTACTTATGCTCGTCAAAAGAACCATGGTATTAACTTCCGTGTTATC 
 Anaulus australis ITS1-5.8s-ITS2 (De Hoop, Cintsa) 
 
CCACACCGATCTAAGATCTCCAACCCTGAGAAATAGTCAGCCGCTAGATCGCGTGCATCGTGCTTGC
AGAGGTCATACGAGCTCTGCCCGGTCTGATGGCCGGCGACTAATAAAAAAAGGGTGGGTTCAGTG
GGTAACTCTGCTGGATCTGCCCACCCCCCATTCCACAACTTGAAAATAGAACCTGAAGCAAAAGGAG
AGTGTTGCTGTCCCTGGCATTGTCAATCTACGTGAAAACGTGTGATTGATAGTGCTGGGTTGCACGC
CGCCTCCGGTAGAAATACCAATGTCTTTACGACTTTCAGCAACGGATGTCTAGGCTCCCACAACGAT
GAAGAACGCAGCGAAATGCGATACGTAATGCGAATTGCAGGACCTCGTGAATCATCAAAATTTTGA
ACGCACATTGCGCTCCCGGGATATGCCCGGGAGCATGCTTATCTGAGTGTCCGCGAACCCCACTCGA
CCTGCGTGTTGCTCTGACAACAAGTAGTGTCGGATTATGGTGCTGCCTGGCGCGAGCTGGGCTGCA
CTGAAATGCAGGGCCTTCGTGGTGTGCCTCCTGTTGGTACTGCTGCACGAGACCGCATCTGGTAGAT
GCACAAGCTAGCTTGTCTGGCTGGTGCGTTTGTTAGATTGGACTCATGCAACAGAGCTGATGAAGG
GACGCCCGTGGTCTTGACTGTACGATGCRTTCGTTCATTCA 
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 Anaulus australis ITS1-5.8s-ITS2 (Muizenburg, Maccassar) 
 
CCACACCGATCTAAGATCTCCAACCCTGAGAAATAGTCAGCCGCTAGATCGCGTGCATCGTGCTTGC
AGAGGTCATACGAGCTCTGCCCGGTCTGATGGCCGGCGACTAATAAAAAAAGGGTGGGTTCAGTG
GGTAACTCTGCTGGATCTGCCCACCCCCCATTCCACAACTTGAAAATAGAACCTGAAGCAAAAGGAG
AGTGTTGCTGTCCCTGGCATTGTCAATCTACGTGAAAACGTGTGATTGATAGTGCTGGGTTGCACGC
CGCCTCCGGTAGAAATACCAATGTCTTTACGACTTTCAGCAACGGATGTCTAGGCTCCCACAACGAT
GAAGAACGCAGCGAAATGCGATACGTAATGCGAATTGCAGGACCTCGTGAATCATCAAAATTTTGA
ACGCACATTGCGCTCCCGGGATATGCCCGGGAGCATGCTTATCTGAGTGTCCGCGAACCCCACTCGA
CCTGCGTGTTGCTCTGACAACAAGTAGTGTCGGATTATGGTGCTGCCTGGCGCGAGCTGGGCTGCA
CTGAAATGCAGGGCCTTCGTGGTGTGCCTCCTGTTGGTACTGCTGCACGAGACCGCATCTGGTAGAT
GCACAAGCTAGCTTGTCTGGCTGGTGCGTTTGTTAGATTGGACTCATGCAACAGAGCTGATGAAGG
GACGCCCGTGGTCTTGACTGTACGATGCATTCGTTCATTCA 
 Anaulus australis ITS1-5.8s-ITS2 (Wilderness, Sedgefield) 
 
CCACACCGATCTAAGATCTCCAACCCTGAGAAATAGTCAGCCGCTAGATCGCGTGCATCGTGCTTGC
AGAGGTCATAYGAGCTCTGCCCGGTCTGATGGCCGGCGACTAATAAAAAAAGGGTGGGTYCAGTGG
GTAACTCTGCTGGATCTGCCCACCCCCCATTCCACAACTTGAAAATAGAACCTGAAGCAAAAGGAGA
GTGTTGCTGTCCCTGGCATTGTCAATCTACGTGAAAACGTGTGATTGATAGTGCTGGGTTGCACGCC
GCCTCCGGTAGAAATACCAATGTCTTTACGACTTTCAGCAACGGATGTCTAGGCTCCCACAACGATG
AAGAACGCAGCGAAATGCGATACGTAATGCGAATTGCAGGACCTCGTGAATCATCAAAATTTTGAA
CGCACATTGCGCTCCCGGGATATGCCCGGGAGCATGCTTATCTGAGTGTCCGCGAACCCCACTCGAC
CTGCGTGTTGCTCTGACAACAAGTAGTGTCGGATTATGGTGCTGCCTGGCGCGAGCTGGGCTGCACT
GAAATGCAGGGCCTTCGTGGTGTGCCTCCTGTTGGTACTGCTGCACGAGACCGCATCTGGTAGATGC
ACAAGCTAGCTTGTCTGGCTGGTGCGTTTGTTAGATTGGACTCATGCAACAGAGCTGATGAAGGGA
CGCCCGTGGTCTTGACTGTACGATGCRTTCGTTCATTCA 
 Anaulus australis ITS1-5.8s-ITS2 (Sundays River Beach) 
 
CCACACCGATCTAAGATCTCCAACCCTGAGAAATAGTCAGCCGCTAGATCGCGTGCATCGTGCTTGC
AGAGGTCATACGAGCTCTGCCCGGTCTGATGGCCGGCGACTAATAAAAAAAGGGTGGGTYCAGTG
GGTAACTCTGCTGGATCTGCCCACCCCCCATTCCACAACTTGAAAATAGAACCTGAAGCAAAAGGAG
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AGTGTTGCTGTCCCTGGCATTGTCAATCTACGTGAAAACGTGTGATTGATAGTGCTGGGTTGCACGC
CGCCTCCGGTAGAAATACCAATGTCTTTACGACTTTCAGCAACGGATGTCTAGGCTCCCACAACGAT
GAAGAACGCAGCGAAATGCGATACGTAATGCGAATTGCAGGACCTCGTGAATCATCAAAATTTTGA
ACGCACATTGCGCTCCCGGGATATGCCCGGGAGCATGCTTATCTGAGTGTCCGCGAACCCCACTCGA
CCTGCGTGTTGCTCTGACAACAAGTAGTGTCGGATTATGGTGCTGCCTGGCGCGAGCTGGGCTGCA
CTGAAATGCAGGGCCTTCGTGGTGTGCCTCCTGTTGGTACTGCTGCACGAGACCGCATCTGGTAGAT
GCACAAGCTAGCTTGTCTGGCTGGTGCGTTTGTTAGATTGGACTCATGCAACAGAGCTGATGAAGG
GACRCCCGTGGTCTTGACTGTACGATGCRTTCGTTCATTCA 
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Appendix 2. Scanning electron micrographs of the South African 
Asterionellopsis lenisilicea Mather cultured from the Sundays 
River Beach.  
 
Figure 10. Internal valve view of the South African Asterionellopsis lenisilicea. The 
valvocopula is attached to the foot and distally lies draped over the head of the 
valve head. Metrics for this cell are: Total length of the cell = 26.3 µm; Maximum 
width of the foot = 8.8 µm; Length of the orthogonal bisector to the axis of the 
maximum width of the foot along the sternum = 5 µm. 
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Figure 11. External valve view of the South African Asterionellopsis lenisilicea. Metrics for 
this cell are: Total length of the cell = 37.0 µm; Maximum width of the foot = 6.3 
µm; Length of the orthogonal bisector to the axis of the maximum width of the 
foot along the sternum = 4.5 µm. 
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Figure 12. External view of the valve foot of the South African Asterionellopsis lenisilicea 
cell in Figure 7 showing the pattern of striae and sternum as well as the pore 
field of the expanded foot pole at the base of the sternum. 
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Figure 13. External view of the tip of the valve head of the South African Asterionellopsis 
lenisilicea showing the spines. 
 
 
 
